Background: Glycine is extensively applied in the field of food, medicine, agrochemistry, etc. It is usually commercially produced by the chemosynthesis method, which generates large amounts of by-product ammonium chloride. Methods: In this paper, the separation of glycine and ammonium chloride was performed with chromatographic column, and deionized water as eluent. The adsorption equilibrium constant K of glycine and ammonium chloride was evaluated by frontal analysis. Based on the equilibrium-dispersive model and a linear driving force of chromatography, the overall mass transfer coefficient k m , axial dispersion coefficient D L , and bed voidage ε t of the column were obtained by moment analysis.
researchers used recrystallization, ion exchange, and electrodialysis methods to separate and purify glycine from the mixture solution [4] . Unfortunately, because of many chemicals and energy consumption, these methods are neither economic nor environment-friendly.
Chromatography technology has been developed as one of the major separation processes in general and especially simulated moving bed (SMB), which has been successfully applied in the food industry especially in the sugar industry [5] [6] [7] [8] .
To our knowledge, no research on chromatographic separation of the glycine and ammonium chloride has been previously reported by now. In this work, the separation of glycine and ammonium chloride was performed with chromatographic column, deionized water used as eluent solution, and results showed that the separation efficiency was quite high. In this paper, our purpose is focused on the study of the mass transfer kinetics and equilibrium of the separation of glycine and ammonium chloride, in order to apply this technology to an industrial scale for separation of glycine from salts by SMB chromatography. In this study, based on the equilibrium-dispersive model of chromatography, overall mass transfer coefficients together with the axial dispersion coefficients were experimentally determined by moment analysis. Meanwhile, some parameters obtained were used to simulate the elution profiles, and simulation and experimental results were compared.
Theories
The equilibrium-dispersive model of chromatography Lots of theories and models have been proposed for describing liquid chromatography mathematically with various equilibrium and mass transfer parameters. In this work, the equilibrium-dispersive model was used to present the chromatographic process. Therefore, the mass balance equation for each component in the mobile phase can be written as [9] 
where c i and q i are the concentrations (component i) in the mobile phase and the stationary phase, respectively, F is the phase ratio and it is related to the total column porosity ε t, F ¼ 1−ε t ε t , v is the velocity of interstitial mobile phase, D L represents the axial dispersion coefficient, t is the time, and z is the space coordinates.
For a linear driving force approximation,
where k is the mass transfer coefficient, q* is the equilibrium concentration of stationary phase, and the solution of concentration c i is given by the linear isotherm of Equation 3.
K i represents the equilibrium constant of component i, Equation 2 supposes the driving force of the mass transfer of q i * is different with q i and the mass transfer rate will increase with the driving force increasing. This linear driving force expression supposes that the main resistance in the particle diffusion step can be described by an overall mass transfer coefficient.
Moment analysis
The method of moment analysis, used to describe the hydrodynamic characteristics, has been considered as the effective means to determine axial dispersion coefficient D L and mass transfer parameters in pulse experiments [10] [11] [12] [13] [14] . As we all know, the experimental first (μ 1 ) and second (μ 2 ) moments are the average retention time and variance, respectively, which can be written as
The first and second moments can deduce the height equivalent to a theoretical plate (HETP).
where L is the column length, N is the theoretical plate number, w 1/2 is the peak width at half height, k m is the overall mass transfer coefficient, and K is the equilibrium constant. Equation 6 implies that axial dispersion cannot be calculated by a simple linear regression because of its nonlinear relationship with HETP. It is assumed that axial dispersion is influenced by two different mechanisms, among which one is molecular diffusion in the axial direction and the other is an eddy mixing term proportional to the fluid velocity. Therefore, the expression for the axial dispersion coefficient
where D m is the molecular diffusivity, v is the interstitial velocity, η is the tortuosity factor for a packed column, and λ is a constant dependent on flow geometry. In the liquid system, the molecular diffusivities are so small that Equation 8 can be simplified as [15] 
Substituting Equation 9 into Equation 6,
In Equations 6 and 10, the overall mass transfer resistance (1/k m ) in theory contains three separate mass transfer mechanisms (the external film resistance, intraparticle diffusion resistance, and adsorption/desorption resistance). It is commonly assumed that the kinetics of adsorption/desorption are rapid. If we ignore the influence of adsorption/desorption resistance to the overall mass transfer resistance, the following relation between the film mass transfer and the lumped mass transfer coefficient and intraparticle diffusion coefficients can be represented by [16] 
where d p is particle diameter and k f and D p are the external film mass transfer coefficient and the pore diffusion coefficient, respectively. To us all, a function of liquid velocity can represent the external film mass transfer coefficient. When the liquid systems satisfy the condition of 0.0015 < Re < 55, k f could be acquired by the Wilson and Geankoplis correlation [17] .
In general, k f is larger than D p , at least a few orders of magnitude, which had been confirmed by some researchers [18] at similar chromatographic systems. Thus, the influence of external film resistance can be negligible and k m will not depend on liquid velocity in this study. It is clear that Equation 11 can be simplified as
From Equation 13 , k m can be considered as a constant which is independent of liquid velocity. Therefore, the overall mass transfer coefficient k m can be determined by the first and second moments.
Methods

Materials and equipment
Blue dextran with MW 2,000,000 kg/kmol was acquired from Sigma-Aldrich Co. (St. Louis, MO, USA). Ammonium chloride (purity ≥99%), glycine (purity ≥99%), and acetone was purchased from Lingfeng Chemical Reangent Co. (Shanghai, China). The sample mixture of glycine and ammonium chloride was provided by Hainan Zhengye Zhongnong High-Tech Co., Ltd. (Hainan, China). Pocket refractometer was a product of ATAGO (Tokyo, Japan). The resin elected in experiments is a novel tailor-made cation exchange resin, which is water-insoluble and reticular. All other chemicals were of analytical or highperformance liquid chromatography (HPLC) grade.
Semi-preparative chromatographic system
The system [19] is used to measure the hydrodynamics and thermodynamic model parameters, i.e., column porosity, axial dispersion, coefficient, and adsorption isotherms. It includes a glass-jacketed column (30 × 1.6 cm I.D.), circulating water bath MP-5H (bought from Yiheng Technical Co., Shanghai, China), a fraction collector (FRC-10A), and pump BT100 (purchased from Huxi Analysis Instrument Factory Co, Shanghai, China).
Analytical method
The single component solutions (samples), i.e., with concentrations over 10 g/L were analyzed by the refractometer [19] . Below this concentration, the analysis was performed with a standard titration method, from Chinese standard about determination of glycine and ammonium chloride (GB 25542-2010), to measure the glycine and the ammonium chloride concentration.
Experimental procedures
Initially, a glass column was filled with elected resin. The flow rate was fixed at 1.0 mL/min with the total mixture concentration of about 10 g/L. The experiments were carried out at 30°C.
Bed porosities
The moment analysis was used for determination of bed porosities. The residence time distribution (RTD) curves were determined from tracer experiments [20] . The blue dextran (2 g/L) and acetone (20% v/v) as the mobile phase were performed for assessing external (ε) and total (ε t ) bed void fractions, respectively. The experiments were carried out at 1.0 mL/min and 50°C. The profiles recorded were used to calculate bed porosities.
Adsorption isotherms
Frontal analysis method [20, 21] was used to determine the single component adsorption isotherms of glycine and ammonium chloride. The glycine concentration was in a range between 25 and 180 g/L, and ammonium chloride concentration was between 25 and 200 g/L. The flow rates were around 1 mL/min for glycine and ammonium chloride. The glycine or ammonium chloride (single component) solution was pumped into the column for enough time so as to saturate it completely. For each glycine (or ammonium chloride) liquid phase concentration, three experiments were performed and the average value of the equilibrium concentration in the liquid and solid phases were calculated and used in the presentation of the singlecomponent adsorption isotherm. The experiments were performed at 50°C and 60°C.
In equilibrium, the concentration of the stationary phase q i * was obtained by mass balance, which can be expressed as
Where
The tdead is the dead time, which is the space time in the extra column volumes (tubing, connections, and pump heads) of the experimental setup. C 0 represents the feeding concentration; ε and C(t) are the porosity of the resin and the tracer concentration at the exit of the column, respectively. V c is the column volume.
Axial dispersion and mass transfer coefficients
In the semi-preparative chromatographic system, the experiments were carried out at five different rates (1.0 to 3.0 mL/min) and at different temperatures (50°C and 60°C).
The profiles recorded were used to determine axial dispersion and mass transfer coefficients [13] .
Results and discussion
The pulses of a dilute solution of mixture were injected into the column filled with chromatography resin. Figure 1 is the typical chromatography of separation of glycine and ammonium chloride. Obviously, the resin performed well as shown in Figure 1 , in which glycine completely separated from ammonium chloride. Therefore, this resin is chosen to conduct continual experiments.
Determination of porosity
The blue dextran and acetone tracers were detected by UV at wavelengths 630 and 310 nm, respectively. Because the blue dextran's molecules are unable to penetrate into the pores of the stationary phase, the first moment of the blue dextran peak allowed calculating the external porosity ε (see Equation 15 ), which can also be written as [20] :
where C(t) is the concentration of blue dextran or acetone at the exit of the column, V c is the column volume, μ is the time of the peak moment. By injecting acetone as tracer and applying Equation 15 , it is possible to estimate the total bed porosity since acetone is small enough to penetrate both in the interparticle voids in the bed and also those inside the resin particles, the internal porosity of the resin, ε P may be calculated from Equation 16 .
The tracer elution profile at the column, as shown in Figure 2 , could be calculated by Equation 14 . The retention time of blue dextran and acetone was 27.5 and 59.0 min, respectively. The external porosity ε determined from the blue dextran was 0.42. The value of total porosity ε t was 0.89. According to Equation 16 , the internal porosity of the resin ε P was 0.82. These parameter values from the above fitted in the range of typical resin porosity values. 
Determination of the adsorption equilibrium constant
The equilibrium adsorption isotherms of glycine and ammonium chloride, as obtained by frontal analysis of single component synthetic solutions, were illustrated in Table 1 . It was observed that the equations and R 2 values were in good agreement with the experimental data. According to Table 1 , it could be concluded that the K values of glycine were higher than those of ammonium chloride, and their values increased as the temperature increased.
In fact, sorption is an exothermic process [22] . With the increase in temperature of the adsorbate-adsorbent Figure 2 Typical elution profiles of the blue dextran and acetone. The less-retained compound is blue dextran and the more-retained compound is acetone. Figure 3 Adsorption isotherms of glycine at 50°C and 60°C. system, the sorption decreases. In other words, the adsorption equilibrium constant will decrease with the increase in temperature. However, when the diffusion process (intra-particle or transport-pore diffusion) mainly controls the adsorption process, the sorption capacity will increase with the increase in temperature. This is basically due to the fact that the diffusion process is an endothermic process, which leads to increasing the sorptive capacity of the adsorbent. Therefore, the increase of sorption capacity with the increase of temperature maybe attributed to the diffusion process.
Determination of axial dispersion and mass transfer coefficients
The following assumption was considered: the kinetics of adsorption-desorption was infinitely fast. On the basis of Equation 10 , it is obvious that the HETP has a close relationship between the axial dispersion and the mass transfer resistance. HETP for glycine and ammonium chloride should increase linearly with velocity. As shown in Figures 5 and 6 , plots of HETP for glycine and ammonium chloride versus interstitial velocity of mobile phase gave the intercept 2 λ and the slope was related to the overall mass transfer coefficient k m . The overall mass transfer coefficients could be calculated by the slope of straight lines, and their values were listed in Table 2 . The value of axial dispersion coefficient D L of glycine had the same order of magnitude with that of ammonium chloride and was about two times larger than that of ammonium chloride. What is more, compared with ammonium chloride, the overall mass transfer coefficient k m inside the particles of glycine was obviously larger. For ammonium chloride, the axial dispersion coefficient D L and the overall mass transfer coefficient k m showed a slight discrepancy at different temperatures, but showed an apparent change with those for glycine. These results about different trends in k m between glycine and ammonium chloride would be due to the different kinetics of adsorption and desorption processes, which we should study in the future.
Modeling of the chromatograms with determined parameters
In order to test the effectiveness of parameters determined from the above study, the model parameters about the total column porosity ε T , axial dispersion coefficient D L , equilibrium constants K, and over-all mass transfer coefficients k m were used to simulate the elution profiles. The corresponding initial conditions for Equations 1 and 2 are given by
Boundary condition at the column inlet Figure 4 Adsorption isotherms of ammonium chloride at 50°C and 60°C. 
Boundary condition at the column outlet
To obtain the calculated band profiles, we used the method of lines (MOL) to solve Equations 1 and 2 through the initial and boundary conditions. The partial differential equations Equations 1 and 2 were discretized by the finite difference method (FDM) into a set of ordinary differential equations (ODEs) [23] . A MATLAB program was used to solve the resultant ODEs of the initial value problems.
The simulated results were shown in Figure 7 . There was a slight difference, but the simulated and experimental results matched well in peak shapes. It confirmed that the parameters achieved in this paper were all effective. These parameters are useful for future simulation and design of operating conditions for preparative chromatography.
Conclusions
The separation of the glycine and ammonium chloride was achieved by the chromatography method. The overall mass transfer coefficient k m , axial dispersion coefficient D L , and bed voidage of the column were successfully determined by moment analysis and the adsorption equilibrium constant K of glycine and ammonium chloride were obtained by frontal analysis. The value of axial dispersion coefficient D L of glycine was about two times larger than that of ammonium chloride, and k m inside the particles of glycine was also larger than that of ammonium chloride. What is more, the values of k m and D L were increased with an increase in temperature, which would be a reason to explain the increase in adsorption equilibrium constant K with the increase in temperature. These parameters obtained were tested by simulation of the elution profiles, and the simulation results ; w 1/2 , peak width at half height; z, space coordinate; ε b , bed voidage; ε t , total column porosity; η, tortuosity factor; λ, flow geometrydependent constant; μ 1 , first moment; μ 2 , second moment.
